The effects of treatment of an activated carbon with sulphur precursors on its textural properties and on the ability of the complex synthesized for mercury removal in aqueous solutions are studied. To this end, a commercial activated carbon has been modified by treatments with aqueous solutions of Na 2 S and H 2 SO 4 at two temperatures (25 and 140 °C) to introduce sulphur species on its surface. The prepared adsorbents have been characterized by N 2 (-196 °C) and CO 2 (0 °C) adsorption, thermogravimetric analysis, temperature-programmed decomposition and X-ray photoelectron spectroscopy, and their adsorption capacities to remove Hg(II) ions in aqueous solutions have been determined. It has been shown that the impregnation treatments slightly modified the textural properties of the samples, with a small increase in the textural parameters (BET surface area and mesopore volumes). By contrast, surface oxygen content was increased when impregnation was carried out with Na 2 S, but it decreased when H 2 SO 4 was used. However, the main effect of the impregnation treatments was the formation of surface sulphur complexes of thiol type, which was only achieved when the impregnation treatments were carried out at low temperature (25 °C). The presence of surface sulphur enhances the adsorption behaviour of these samples in the removal of Hg(II) cations in aqueous solutions at pH 2. In fact, complete Hg(II) removal is only obtained with the sulphur-containing activated carbons.
INTRODUCTION
Mercury is one of the most dangerous heavy metals for both humans and the environment (Griffiths et al. 2006) . Upon reaching the food chain, mercuric compounds are accumulated in animal and plant tissues. Mercuric compounds are widely used in many industries, depending on their physical and the chemical properties. In fact, the most important application of metallic mercury is in the manufacture of chlorine and sodium hydroxide. It is also used in the chemical industry for the manufacture of batteries and mercury electrodes. It is even used in the manufacture of mercury-based electrical capacitors, as well as in the development of anticorrosive cinnabar-based paints. Mercuric compounds are also used in the petrochemical industry (Lee et al. 2006) . Increasingly, industrial applications of mercury are sloping owing its high toxicity.
Mercury can be absorbed into the human body by different pathways, and the mode of absorption strongly depends on its chemical form and the route of entry, which can be either through ingestion or inhalation. The metal is easily accumulated in the living tissues, especially in the brain (Barán 1994) . At highly toxic levels, mercury is one of the priority pollutants listed by the U.S. Environmental Protection Agency (USEPA), because it can pass through the blood-brain barrier and can also affect foetal brain (Zabihi et al. 2009 ). Previous studies have shown that high concentrations of Hg(II) causes impairment of pulmonary and renal functions, chest pain and dyspnoea (Berglund and Bertin 1969; Krishna-Murti and Vishwanathan 1991) . According to the USEPA guidelines, the maximum concentration of mercury in drinking water should only be 2 µg/l, while its concentration in the waste discharge should be less than 10 µg/l (USEPA 2007; Wajima and Sugawara 2011) .
To reduce pollution caused by heavy metals, several techniques are currently available, such as precipitation (Mauchauffée and Meux 2007) , reverse osmosis (Mohsem-Nia et al. 2007) , ion exchange (Verma et al. 2008) , coagulation (El Samrani et al. 2008 ) and adsorption using porous sorbents (Gupta et al. 2003) . The latter is generally considered to be an appropriate technology for the treatment of the effluents with a high level of pollution load, especially, in cases involving contamination with mercury (Manchester et al. 2008) . In particular, adsorption on activated carbon has been among the most effective removal techniques for decades (McKay and Bino 1990; Kadirvelu et al. 2004) .
Different treatment methods have been used to modify the surface and/or the textural properties of activated carbons to improve its adsorption capacity. In this sense, sulphur impregnation has been shown to greatly enhance adsorption of mercury on activated carbons. Several studies have reported the positive effect of impregnation of activated carbon with sulphur in the adsorption of both organic and inorganic forms of mercury. The increasing adsorptive capacity of the sulphurized activated carbons is attributed to the high affinity of mercury for sulphur, which generates more active sites on the surface of activated carbon for selective adsorption of mercury (Wajima and Sugawara 2011; Hsi and Chen 2012; Ie et al. 2013; Pillay et al. 2013) . According to several works related to the modification of activated carbons with sulphur, the mercury adsorption capacity of the obtained material depends mainly on the impregnation temperature, the nature and the amount of the impregnating agent used (Wei et al. 1998; Wenguo et al. 2006) . Yuan et al. (2004) have studied the impregnation of activated carbons with Na 2 S at 140 °C. The obtained results showed that the amount of sulphur fixed on the carbon surface is proportional to the concentration of sulphur used in the impregnation process. However, it was shown that the surface area of the activated carbons decreased from 579 to 470 m 2 /g. These results establish that during the impregnation process, Na 2 S molecules occupy the active surface sites of activated carbon and, consequently, lead to a reduction of the surface area. Thus, the optimization of the sulphur amount used is deemed necessary. Several studies demonstrate the effectiveness of such treatment in the process of vapour-phase mercury removal (Otani et al. 1988; Krishnan et al. 1994; Karatza et al. 1996) . Nevertheless, those emphasizing its application in the liquid phase remain rather limited. In this sense, the aim of this paper is to study the influence of a sulphur-modification treatment of activated carbons on their structural/textural properties, as well as the application of the modified materials in the removal of mercury from aqueous solution.
EXPERIMENTAL ANALYSIS 2.1. Preparation of Samples
A commercial granular activated carbon (UAC; DARCO 12X40, NORIT Americas Inc.) was modified by impregnation with solutions of Na 2 S and H 2 SO 4 at two different concentrations, at 25 and 140 °C.
Impregnation with Na 2 S
The impregnation protocol used was based on that reported by Yuan et al. (2004) , although they only used impregnation at high temperature (140 °C). Thus, two samples of UAC (approximately 0.5 g) were immersed into 200 ml of an aqueous solution of Na 2 S, prepared using 0.5 and 7.5 g of sodium sulphide, respectively. The impregnation treatment was performed at two different temperatures, namely, at 25 and 140 °C. The samples were kept immersed for 24 hours with moderate stirring. Once impregnated, the samples were filtered under vacuum and then dried at 120 °C for 24 hours. The dried samples were thermally treated at 700 °C, under inert atmosphere, with a nitrogen flow of 100 ml/minute for 2 hours. The prepared samples were labelled as ACSS (xxg-yy °C) , with 'xx' being the amount of Na 2 S used and 'yy' being the impregnation temperature. Thus, the sample ACSS (0.5g-140 °C) represents the activated carbon impregnated at 140 °C with a solution containing 0.5 g of Na 2 S.
Impregnation with H 2 SO 4
In this case, the impregnation method was similar to that used by Guo et al. (2005) . However, the use of sulphuric acid as a post-activation agent and the temperature used (140 °C) are an original contribution of the present work. The experimental procedure is identical to that described in the 'Impregnation with Na 2 S' section. Thus, two UAC samples were immersed into 200 ml of an aqueous solution of H 2 SO 4 with 5% and 40% (vol/vol), respectively. Likewise, the impregnation treatment was carried out at 25 and 140 °C for 24 hours with moderate stirring. Subsequently, the impregnated samples were recovered after vacuum filtration, dried at 120 °C for 24 hours and heated up to 700 °C, under nitrogen flow (100 ml/minute), during a soaking time of 2 hours. Samples were labelled as ACSA (xx%-yy °C) , with 'xx' being the concentration of the sulphuric acid solution used and 'yy' being the impregnation temperature.
Characterization of Samples
The optimal heat-treatment temperature for sulphur fixation was determined by thermogravimetric (TG) analysis, which was performed using a thermobalance (SDT 2960 Simultaneous DSC-TGA; TA instruments). The study of the decomposition temperature of the untreated carbon (UAC) was carried out under an inert atmosphere (nitrogen flow of 100 ml/minute) over the whole temperature range 25-1000 °C and with a heating rate of 10 °C/minute. Thus, approximately 10 mg of the sample was heated up to 1000 °C and the weight loss was recorded as a function of temperature.
The textural properties of the untreated activated carbon and all the modified carbons were determined by N 2 and CO 2 adsorption at -196 and 0 °C, respectively, using a fully automated home-made manometric equipment (LMA-Sorb; Silvestre-Albero et al. 2009 ). Before performing the measurements, the sample was outgassed at 250 °C for 4 hours under vacuum (10 -7 bar). The 'apparent' surface area (Gregg and Sing 1982) was calculated applying the BET method to the N 2 adsorption data (Martín-Martínez 1990) in the relative pressure range between 0.05 and 0.18. The total volume of micropores (V 0 ) was obtained by applying the Dubinin-Radushkevich equation (DR) to the nitrogen adsorption data. The volume corresponding to the narrow porosity (V n ) was calculated by applying the DR equation to the CO 2 adsorption data (Garrido et al. 1987) . The total volume of pores (V t ) was estimated from the N 2 adsorption isotherm. It corresponds to the amount adsorbed at the relative pressure P/P 0 = 0.95. Finally, the mesoporous volume (V meso ) was obtained as V t -V 0 .
The temperature-programmed decomposition (TPD) analysis was performed using a quartz U-shaped reactor containing approximately 10 mg of sample. It was heated from room temperature (25 °C) to 1000 °C with a heating rate of 10 °C/minute, under helium flow (50 ml/minute). The evolved gases were analyzed by a quadrupole mass spectrometer (OmniStar TM PFEIFFER VACUUM) connected online.
The X-ray photoelectron spectroscopy (XPS) analysis was performed using a VG-Microtech Multilab 3000 spectrometer equipped with a hemispherical electron analyzer and a Mg-K α (h = 1253.6 eV; 1 eV = 1.6302 × ·10 -19 J) 300-W X ray source. The powder samples were pressed into small Inox cylinders, which were mounted on a sample rod placed in a pre-treatment chamber before being transferred to the analysis chamber. Before recording the spectrum, the sample was maintained in the analysis chamber until a residual pressure of approximately 5 × . 10 -7 N·m -2 was reached. The spectra were collected at pass energy of 50 eV. The intensities were estimated by calculating the integral of each peak, after subtracting the S-shaped background, and fitting the experimental curve to a combination of Lorentzian (30%) and Gaussian (70%) lines. All binding energies were referenced to the C 1s line at 284.6 eV, which provided binding energy values with an accuracy of ±0.2 eV.
It should be mentioned that for all the characterization techniques used in this study, three analyzes were performed for each sample, and only the mean values are reported.
Mercury Adsorption Measurements
The carbon samples were dried at 100 °C for 4 hours under vacuum to remove the eventually adsorbed water (Jayson et al. 1984) . To evaluate the Hg(II) adsorption capacity for the different carbon materials, an aqueous solution of Hg(II), with a concentration of 20 mg/l, was prepared from HgCl 2 in hydrochloride acid with a pH value of 2. Previous studies report that in the presence of Cl -, the predominant Hg species at pH < 4 is Hg(II) (Yardim et al. 2003) . The mercury adsorption measurements were performed by contacting 0.5 g of the evaluated sample with 100 ml of the prepared solution for a period of 5-24 hours at room temperature, with a constant agitation rate of 200 rpm, in a shaker bath. The contact time was selected on the basis of previous studies (Mohan et al. 2001) . The suspensions were filtered through a microporous filter before the determination of the amount of Hg(II) in solution, which was accomplished spectrophotometrically with an ATI Unicam UV-VIS spectrometer, at 230 nm (Nabais et al. 2006) .
All the adsorption experiments were performed in triplicate and the average of the obtained concentrations is reported.
RESULTS AND DISCUSSION 3.1. TG Measurements
To accomplish the process of sulphur fixation on the activated carbon surface, the impregnation step is usually followed by a heat treatment. The latter is rather problematic in the case of activated carbons, mainly because of the decomposition of the oxygen surface groups and the bulk, at higher temperatures. Thus, thermal decomposition of the untreated activated carbon used as a starting material (UAC), under inert atmosphere (nitrogen), which was monitored by TG-derivative thermogravimetric (TG-DTG) analysis. Figures 1(a and b) show the TG and DTG profiles, respectively, of UAC, ACSS (7.5g-140 °C) , ACSA (40%-25 °C) and ACSA (40%-140 °C) . The original activated carbon (UAC) shows two different processes of weight loss with different rates. The first stage begins at approximately 125 °C with a constant rate, which could be associated to the evaporation of adsorbed water. The second stage of weight loss starts at 400 °C, and it can be assigned to the initiation of a progressive decomposition of the carbon. The complete decomposition starts at temperatures greater than or equal to 800 °C, with a weight loss that does not exceed 15%. Therefore, the temperature of the modification treatment was fixed at 700 °C.
The TG-DTG profiles of the modified carbons are similar to the parent carbon profile. There are two weight loss steps. The first step at temperature lower than 100 °C can be attributed to the loss of adsorbed water and other volatile compounds. The weight loss at temperature higher than 500 °C indicates the beginning of the carbon decomposition. Moreover, it can be seen that the samples show different weight losses at higher temperatures, which does not exceed 20% in any case. The ACSA (40%-140 °C) sample exhibits the lowest weight loss of all the samples, whereas the ACSS (7.5g-140 °C) sample shows the largest one.
Characterization of the Porous Texture
The nitrogen adsorption-desorption isotherms at -196 °C for all the samples are shown in Figure 2(a) . In addition, Table 1 reports the mean and standard deviation values of the 'apparent' surface area (S BET ), the mesoporous volume (V meso ) and the volume of narrow micropores (V n ) obtained from CO 2 adsorption. All the samples exhibit a combination of Type I and Type IV isotherms, characteristic of mesoporous adsorbents with a certain degree of microporosity. Thus, they show a high adsorption It can be concluded from the adsorption isotherms in Figure 2 and data in Table 1 that the performed impregnation treatments slightly modify the textural properties of the parent activated carbon, although a small increase of BET surface area is observed in samples impregnated with H 2 SO 4 . Thus, the samples ACSA (5%-25 °C) and ACSA (40%-25 °C) exhibit the maximum S BET value in the series, around 680 m 2 /g. In the same way, the two impregnation procedures hardly affected the carbon microporosity, with all samples showing quite similar V n values (0.25-0.29 cm 3 /g). However, the mesoporosity did increase for all sulphur-modified samples, with a maximum value for the sample ACSA (40%-140 °C) . The changes observed in the porous texture when using H 2 SO 4 as the impregnating agent can be explained on the basis of the relatively oxidant character of sulphuric acid, which would act also as a post-synthesis activating agent.
TPD
The surface oxygen groups on the parent and modified activated carbons were characterized by TPD (Zielke et al. 1996; Hydar et al. 2000; Jia and Thomas 2000) . The average amounts of CO and CO 2 evolved, obtained from the integration of the TPD peaks, are reported in Table 2 . In general, it can be observed that the oxygen content of the parent carbon is relatively low compared with other commercial activated carbons (Ahumada et al. 2002; Rios et al. 2007; Gonçalves et al. 2012) . The impregnation treatment with Na 2 S increases the amount of the surface oxygen groups considerably, whereas the treatment with H 2 SO 4 leads to a significant decrease of these groups, mainly those that decompose evolving CO 2 (carboxylic acids and anhydrides; Table 2 ). Figure 3 shows the CO 2 [ Figure 3 (a)] and CO [ Figure 3 (b)] evolution profiles, as a function of temperature, for the original activated carbon (UAC), ACSS (7.5g-25 °C) , ACSS (7.5g-140 °C) and ACSA (40%-25 °C) samples. It can be seen that ACSS (7.5g-25 °C) exhibits higher amounts of CO and CO 2 , compared with all the other samples. The TPD results (Table 2 and Figure 3 ) indicate a clear increase in the content of oxygen groups when the impregnation is carried out with Na 2 S. By contrast, the TPD profiles of CO and CO 2 evolution for ACSA (40%-25 °C) carbon show that impregnation with H 2 SO 4 leads, under these conditions, to the loss of oxygen groups. The TPD profiles of all the carbons reveal the presence of two different oxygen groups; the first one evolves CO 2 and the second leads to CO. The latter evolutes at temperatures ranging from 700 to 1000 °C, and is less abundant than CO 2 , which evolutes at lower temperatures (450-900 °C). The TPD profile of the ACSS (7.5g-25 °C) sample shows two CO 2 evolution peaks at 200 and 600 °C. The first one starts at 175 °C, with a band shape extending over a large temperature range, up to 300 °C. This peak can be assigned to the decomposition of the less stable groups such as carboxylic acids. The second peak, at 600 °C, is better defined, and it may be attributed to the most thermally stable structures (i.e. lactones and/or carboxylic anhydrides). At approximately 750 °C, this peak is progressively converted into a broad band, indicating the intensification of the thermal decomposition of carbons to lactones and carboxylic anhydrides (Rodríguez-Reinoso and Molina-Sabio 1998; Figueiredo et al. 1999) . ACSS (7.5g-140 °C) exhibits a very similar CO 2 evolution profile, with three decomposition processes at practically the same temperatures. However, the intensities of the peaks are different from those obtained with the same sample treated at 25 °C. Thus, while the high temperature peaks (approximately at 590 and 785 °C) are less intense than in the ACSS (7.5g-140 °C) sample, the broad band at 75-325 °C is more intense, indicating the presence of a higher content of low-thermal stability oxygen groups (carboxylic groups) in this sample. By contrast, the ACSA (40%-25 °C) sample maintains the same nature of the starting oxygen groups. In fact, samples UAC and ACSA (40%-25 °C) show a CO 2 peak, at 600-800 °C, rather less intense than that corresponding to the ACSS (7.5g-25 °C) sample. This peak is mainly due to the decomposition of anhydride groups, also called the high-temperature CO 2 groups (Rodríguez-Reinoso and Molina-Sabio 1998). With regard to the CO evolution, the ACSS (7.5g-25 °C) and ACSS (7.5g-140 °C) samples show similar profiles as in the case of CO 2 evolution, with a single intense peak, cantered, respectively, at 888 and 866 °C. In the case of UAC and ACSA (40%-25 °C) , this peak is shifted to higher temperatures (centered around 1000 °C) and is remarkably less intense than that corresponding to the ACSS (7.5g-25 °C) and ACSS (7.5g-140 °C) samples. In all cases, this peak can be assigned to phenol, ether and/or carboxylic/quinone groups (Rios et al. 2007) .
In summary, the intensity of the obtained CO 2 evolution peaks confirms that the impregnation treatment with Na 2 S leads to an increased amount of surface oxygen groups, while the treatment with H 2 SO 4 causes an oxygen content loss, under the experimental conditions used. (0.5g-25 °C) 0.091 (0.012) 0.007 (0.002) ACSS (0.5g-140 °C) 0.102 (0.016) 0.016 (0.004) ACSS (7.5g-25 °C) 0.152 (0.020) 0.011 (0.003) ACSS (7.5g-140 °C) 0.107 (0.021) 0.007 (0.002) ACSA (5%-25 °C) 0.014 (0.010) 0.002 (0.001) ACSA (5%-140 °C) 0.016 (0.009) 0.003 (0.002) ACSA (40%-25 °C) 0.021 (0.007) 0.003 (0.001) ACSA (40%-140 °C) 0.015 (0.009) 0.003 (0.001) *Standard deviation.
XPS Analysis
The surface composition of the untreated and modified activated carbons was assessed by XPS, which allows for the quantification of the different surface elements (mainly C, O and S), as well as their chemical forms (Denison et al. 1987) . Table 3 reports the XPS mean atomic S/C ratios and the standard deviation of the values for the different adsorbents. It can be seen that the Temperature (∞C) Figure 3 . Temperature-programmed decomposition profiles of (a) CO 2 and (b) CO evolution for UAC, ACSS (7.5g-25 °C) , ACSS (7.5g-140 °C) and ACSA (40%-25 °C) samples.
Na 2 S-impregnated samples exhibit sulphur surface only when the temperature of impregnation is 25 °C. Thus, the ACSS (0.5g-25 °C) and ACSS (7.5g-25 °C) samples present an atomic sulphur concentration (at.%), respectively, of 1.16 at.% (S/C = 0.016) and 1.52 at.% (S/C = 0.017). After impregnation at 140 °C, sulphur is not observed on the carbon's surface. In the case of the H 2 SO 4modified carbons, sulphur was detected only in the ACSA (40%-25 °C) sample, which exhibits the highest surface sulphur content of all the modified carbons, 2.0 at.% (S/C = 0.022). Figure 4 shows the S 2p level XPS spectra for all sulphur-containing samples, that is, ACSS (0.5g-25 °C) , ACSS (7.5g-25 °C) and ACSA (40%-25 °C) . The same level XPS spectra corresponding to the starting material (UAC) are also included for comparison purpose. The XPS spectra are quite similar for all sulphur-containing carbons, and they show two peaks whose maximum intensities are located at, approximately 163.7 and 165 eV, which can be assigned to organic sulphur (thiol, C-SH) and elemental sulphur (-S-S-species) according to the literature (Feng et al. 2006; Petit et al. 2010; Tsubota et al. 2011; Mullett et al. 2012; Asasian et al. 2013; Si et al. 2013; Huang et al. 2014) . Figure 5 shows the Hg(II) removal capacity of the original and the modified activated carbons. The mean amount of mercury adsorbed per gram of carbon for all the samples is reported in Table 4 . In the case of the sulphur-containing samples, the mean amount of Hg(II) adsorbed per mole of sulphur is also shown in the table. It can be seen that the ACSS (0.5g-25 °C) , ACSS (7.5g-25 °C) and ACSA (40%-25 °C) samples reach a mercury removal capacity of 100% equivalent to an adsorption capacity of 0.02 mmol of Hg(II) per gram of carbon, which is an improvement above 10% in comparison with the non-modified activated carbon, which achieves the removal of 80% of Hg(II) [0.0178 mmol Hg(II)/g AC]. It should be remembered that these samples show sulphur on the surface according to the XPS data, which would indicate that the fixation of sulphur on the activated carbon surface enhances its Hg(II) adsorption capacity. However, it is difficult to directly attribute the observed improvement exclusively to the presence of sulphur and discard or minimize the contribution of the oxygen groups, whose beneficial effect in the mercury removal process from aqueous solutions is well-known. Furthermore, the porous texture of activated carbons has a direct influence on the adsorption process. Indeed, the total adsorption capacity is determined by the available surface area, defined by a well-developed porous network that is essentially constituted 110 Z. Abdelouahab-Reddam et al./Adsorption Science & Technology Vol. 32 No. 2&3 2014 (0.5g-25 °C) 0.016 (0.003)* ACSS (0.5g-140 °C) 0.000 ACSS (7.5g-25 °C) 0.017 (0.002) ACSS (7.5g-140 °C) 0.000 ACSA (5%-25 °C) 0.000 ACSA (5%-140 °C) 0.000 ACSA (40%-25 °C) 0.022 (0.003) ACSA (40%-140 °C) 0.000 by micropores, in which the effective adsorption process takes place, and mesopores, whose main role is to facilitate the diffusion of the mercury towards the inner porosity of the adsorbent material. Anyway, it has been found that the porous texture of the adsorbents prepared in this work is similar and thus, their different adsorptive behaviour can be attributed only to their different surface properties. As seen from the Hg(II) adsorption results, the sulphur surface content is necessary to achieve a high mercury removal from aqueous solution.
Mercury Adsorption Measurements
As mentioned earlier, at pH values below 4, Hg(II) is the predominant species in the aqueous solution. Several studies report that the uptake of this cation on the activated carbon surface is achieved by chemisorption (Asasian et al. 2013; Ie et al. 2013; Pillay et al. 2013 ). In the case of the unmodified carbon and the samples that do not contain sulphur, the Hg(II) adsorption may be a weak interaction between the latter and the oxygen atoms of the different oxygencontaining groups present on the carbon surface, such as carboxylic, hydroxyl and carbonyl groups, according to the following reactions (Yardim et al. 2003; Wahby et al. 2011; Pillay et al. 2013) :
In the case of the sulphur-containing samples, Hg(II) adsorption on the activated carbon surface occurs by the formation of a strong Hg-S bond (Pillay et al. 2013 ), which can be described as follows (Dujardin et al. 2000; Hadavifar et al. 2014) :
The latter should be the predominant mechanism in case of the ACSA (40%-25 °C) sample, which exhibits the highest surface sulphur amount and the lowest oxygen content. However, the adsorption of mercury on the surface of the ACSA (0.5g-25 °C) and ACSA (7.5g-25 °C) samples, having both sulphur and oxygenated groups on the surface, should take place according to both mechanisms.
In summary, the results obtained in this study show that the sulphur-modification treatments carried out on the original activated carbon lead to an improvement of the total mercury adsorption capacity. These treatments, with Na 2 S and H 2 SO 4 , slightly modify the textural (0.5g-25 °C) 0.0200 0.017 ACSS (0.5g-140 °C) 0.0182 − ACSS (7.5g-25 °C) 0.0200 0.017 ACSS (7.5g-140 °C) 0.0184 − ACSA (5%-25 °C) 0.0184 − ACSA (5%-140 °C) 0.0186 − ACSA (40%-25 °C) 0.0200 0.013 ACSA (40%-140 °C) 0.0188 − *Standard deviation is <0.0001.
properties of the parent activated carbon, producing a small increase in the BET surface areas, broadening existing microporosity and increasing to some extent the volume of mesopores. These modifications may influence the mercury adsorption process by facilitating the diffusion of mercury towards the micropores, and thus effectively enhancing adsorption. By contrast, an increase of the oxygen content has been observed mainly in the case of the Na 2 S-treated samples at 25 °C. Oxygen surface groups are one of the key factors conditioning the mercury adsorption process. Finally, sulphur fixation on the carbon surface is necessary to achieve the total mercury adsorption capacity on these materials. In fact, the sample ACSA (40%-25 °C) , even if devoid of high oxygen content, reached a 100% mercury removal. It can then be concluded that an ideal adsorbent for mercury removal should combine a well-developed porosity, a high volume of mesopores and a specifically developed surface chemistry in which oxygen groups and, specially, sulphur functionalities play the main role.
CONCLUSIONS
Two series of activated carbons were prepared by modification of a micro-mesoporous activated carbon by impregnation with Na 2 S or H 2 SO 4 aqueous solutions. These treatments produced an increase in the amount of oxygen surface groups, as evidenced by TPD measurements, which was higher for the sample treated with Na 2 S at 25 °C. The surface fixation of sulphur species, mainly thiols, on activated carbon surface, was revealed by XPS analysis. The removal of Hg(II) ions in aqueous solution by adsorption on the different carbons was effectively demonstrated. In fact, the presence of surface sulphur improved the removal capacity so that a total removal capacity of 100% was achieved. Although the roles played by the textural properties of the adsorbent and the content of oxygen surface groups should be recognized, the obtained results state the importance of the presence of surface sulphur species to obtain a high removal capacity of mercury ions in solution.
